ABSTRACT -The identification of quantitative trait loci (QTL) and marker-assisted
INTRODUCTION
Clones of early dwarf cashew (Anacardium occidentale L.) have greatly impacted cashew cultivation in the Northeastern region of Brazil since they are more productive, earlier, shorter, easily harvested and have uniform cashew nuts and apples . These factors have contributed to an increased consumption of fresh cashew apple. Despite this advance, consumption is still limited, due to several factors, such as the astringent taste along with the high phenolic content of cashew apple (Crisóstomo et al. 2002) .
To meet the demand for new varieties with better fruit quality, breeders need new methods and strategies to increase efficiency and reduce the time required for the development of a new variety. Most plant traits of economic importance, e.g., grain yield, can be classified as quantitative. Even some traits with simpler inheritance, such as disease resistance, can be considered "semiquantitative", since the trait expression is controlled by a few genes and one major gene, with several modifiers (Stuber et al. 1999) . Conventional breeding can be accelerated by direct identification and manipulation of quantitative trait loci (QTL) in a system based on molecular markers co-segregating with the trait of interest (Cristofani et al. 1999) .
Molecular markers are an efficient tool for indirect selection in plant breeding. They are used for introgression of monogenic traits, e.g., disease resistance (Singh et al. 2001) . For polygenic traits, several QTL are being mapped and their individual effects estimated (Kearsey and Farquhar 1998) . The great potential of using molecular FHC Santos et al. markers for breeding lies in the virtually unlimited number, easy identification and behavior as "traits" of simple and predictable inheritance, unaffected by the environment, which may be useful to select desirable genotypes for breeding (Alzate-Marin et al. 2005) .
It should be noted that a QTL analysis must begin with the construction of a genetic linkage map with sufficient density of molecular markers for an adequate genome coverage underlying advanced genetic studies that deepen the understanding of gene inheritance, identification and isolation (Ribeiro et al. 2005, Kenis and Keulemans 2005) . Genetic maps for cashew apple were developed by Cavalcanti and Wilkinson (2007) , using a segregating F 1 population with 85 plants of the cross CCP 1001 x CP 96. These maps are a basis for the identification of QTL related to economically important traits.
The markers can be used in early stages (seedling) for the selection of plants with favorable combinations of several economically interesting traits. Marker-assisted selection is particularly promising in cashew improvement, due to the juvenile period of this species and the polygenic nature of the fruit quality traits. These represent the narrowest bottleneck in conventional breeding programs, since the progenies of crosses must be maintained for a long time before fruit quality can be assessed. In this sense, it is expected that some specific problems, such as a reduction in phenolic content and/or increase in the percentage of soluble solids and vitamin C of the peduncle can be solved more quickly and with lower operating costs by the use of molecular markers linked to QTL for cashew quality. The purpose of this study was to identify QTL related to physicochemical quality of cashew apple for a possible application in marker-assisted selection in cashew apple breeding programs.
MATERIAL AND METHODS
The cashew used for QTL mapping belonged to a full-sib F 1 progeny population, consisting of 85 plants from controlled crosses of CCP 1001 x CP 96, crossed in September 2000 and planted in March 2001. The female parent, CCP 1001, is a commercial dwarf cashew clone and the male parent, CP 96, a giant cashew genotype. Both belong to the same cashew species. The parents were chosen to ensure a maximum contrast in plant height and resistance to the disease anthracnose (Colletotrichum gloeosporioides) and black mold (Pilgeriella anacardium).
The experiment was conducted in the Experimental Field of Pacajus of Embrapa Agroindústria Tropical, in Pacajus, CE (lat 4° 10' S, long 38° 27' W, alt 60 m asl). The cashew apples were hand-harvested, to avoid bruising or early deterioration of the fruits. Since the plants of the F 1 generation were segregating for fruiting period, the apples were harvested from October through November 2006, which is the peak production period. Samples of 15 cashew apples per plant were harvested at commercial maturity and transported on foam-lined trays to the Laboratory of Physiology and Postharvest Technology of Embrapa Agroindústria Tropical, Fortaleza, CE, for post-harvest analyses. Of the original 85 F 1 plants used to create genetic maps of the parents, 66 plants produced a satisfactory number of peduncles and were included in the analysis to evaluate the content of oligomeric phenolics, soluble solids, total acidity and vitamin C of the cashew apple. The parents CCP 1001 and CP 96 were evaluated as controls, as well as clone CCP 76, the most cultivated for fresh fruit market.
The pulp obtained from peduncles homogenized in a domestic blender was evaluated as described below: a) determination of oligomeric phenolics using a 50% methanol extraction liquid according to a methodology described by Reicher et al. (1981) . The readings were taken on a spectrophotometer at 720 nm and results expressed in percentages; b) Measurement of soluble solids with a refractometer and expressed as o Brix as recommended by the Association of Official Analytical Chemists (AOAC 1992); c) Total acidity determined by a titration potentiometer with NaOH solution (0.1 N), as recommended by the Institute Adolfo Lutz (IAL 1985) , in percentage of malic acid and d) Measurement of vitamin C by titration with 2,6-dichloro-phenol indophenols, as described by Strohecker and Henning (1967) , in mg 100 g -1 .
The broad-sense heritability, the coefficient of genetic and environmental variation as well as the genotypic variance were estimated for each trait. The Pearson correlation coefficient was estimated to determine the degree of association between traits. Analyses were performed using Genes software (Cruz 2001) .
The QTL mapping was performed using analysis of Multiple QTL Mapping (MQM) (Jansen 1993 , 1994 , Jansen and Stam 1994 , which is an extension of the Interval Mapping (IM) analysis (Lander and Botstein 1989) . Analyses were performed using all markers of the genetic linkage maps developed by Cavalcanti and Wilkinson (2007) . The maps were obtained using the methodology and indicated the potential of the cashew population for genetic mapping at the molecular level, aiming to identify QTL for economically important traits as well as the possibility of selecting superior genotypes for the improvement of these traits.
The correlation coefficients were calculated to determine the degree of association between the traits, since it was noted that the map position of QTL for correlated traits is often similar (Paterson et al. 1991) . The correlation coefficients were significant for all trait combinations ( Table 2 ). The traits vitamin C content and oligomeric phenolics were positive and significant (r = 0.71**). This fact complicates the breeding process, because the genotypes with high vitamin C levels (desirable) also have a high content of oligomeric phenolics (undesirable), which indicates an increased astringent taste, a fact leading to consumer rejection, particularly in the case of market for fresh cashew. These results indicate the possibility of genetic correlation, which could be confirmed by the QTL analysis, i.e., by observing coincidences between QTL for correlated traits.
QTL analysis
The QTL analysis provides important information in support of different breeding programs in plants and animals. This study represents a QTL analysis for economically important traits related to cashew apple quality and is the first on QTL associated with traits of oligomeric phenolics, soluble solids, total acidity, and vitamin C.
The results of the QTL analyses are presented in Table 3 . Based on the analysis of multiple QTL mapping, 18 loci linked to QTL called "candidate QTL" were detected, since they should be assessed prior to use in breeding programs. In other words, the selection efficiency of these candidate QTLs should be determined in other cashew populations for the trait to be improved, which is a subject of future studies. Three markers significantly associated with QTL were identified for oligomeric phenolics, five for total soluble solids, six for total acidity, and four for vitamin C.
The proportion of variation explained by a single QTL trait is probably the greatest obstacle to the implementation of marker-assisted selection. In this study, the percentage range of phenotypic variation (R 2 ) explained by the associations of marker loci and QTL was 3.90 -11.66% for oligomeric phenolics, 3.48 -16.29% for soluble solids, 4.17 -13.08% for total acidity, and 9.19 -15.36% for of pseudo-testcross with 205 genetic markers, 194 of which were AFLP and 11 SSR. Two maps representing each of the parental genomes (CCP 1001 and CP 96) were constructed separately. The QTL were detected and mapped using software MapQTL 5 (Van Ooijen 2004) .
The interval mapping analysis was performed to identify QTL with significant main effects and the markers in these regions were used as co-factors in the subsequent analysis of multiple QTL mapping to increase accuracy in detecting QTL that occur in adjacent intervals in the same linkage group, as recommended by Van Ooijen (2004) . LOD score peaks indicate the presence of a QTL in a segment of the map. A critical LOD score of 3.0 was used as basis for the identification of candidate QTL. This value indicates that the occurrence of QTL-marker linkage is 1000 times more likely than of independent segregation. The QTL detected in this way were described by the markers closest to the corresponding QTL region. The QTL position was defined using MapChart software (Voorrips 2002) , with confidence intervals of 1.0 and 2.0 LOD score, corresponding to a coverage probability of the QTL of approximately 95 % (Van Ooijen 2004). The proportion of phenotypic variation explained by the trait-marker association was estimated by the coefficient of determination (R 2 ). The phenotypic effect (PhE) of the QTL-associated marker was estimated by the difference between populations with and without the presence of the marker (Broman 2001) .
RESULTS AND DISCUSSION

Physicochemical characteristics of the peduncles
The distribution of the traits oligomeric phenolics, soluble solids, total acidity and vitamin C was continuous normal in the population, according to the Lilliefors test (po< 0.01), as expected by the complex pattern of trait inheritance. The distribution of phenotypic and average values of traits for each parent are shown in Figure 1 . Transgressive segregants were observed for the four traits in the population. The analysis of variance evidenced genetic diversity in the population for the traits under study (Table 1 ). Low coefficients of experimental variation and high ratio CVg/CVe in the analysis of the four characteristics, indicated, respectively, excellent experimental accuracy and that much of the total variation is a consequence of genetic variation. The broad-sense heritability, estimated for oligomeric phenolics, soluble solids, total acidity and vitamin C of the peduncles of the population, was high : genotypic variance; CVg: coefficient of genetic variation; CVe: coefficient of experimental variation.
2 σ g vitamin C. According to Anderson et al. (2007) , most QTL studies reveal moderate effects (R 2 of 10-20%) at one or few loci, while several other loci explain less than 10% of the variation. This fact was observed in this experiment, where R 2 was significant (11 to 16%) at only seven QTL: one for phenolics (oph-1f), two for total soluble solids (tss-1f and tss-3m), two for total acidity (tta-1f and tta-4m) and two for vitamin C (vc-1f and vc-2f). These were considered moderate-effect QTL, with greatest potential for markerassisted selection for the evaluated traits. Most of the identified QTL explained less than 10% of the variation and were considered small-effect QTL. Similar results have been reported in various QTL studies on fruit quality (Fanizza et al. 2005 , Kenis et al. 2008 , Santos et al. 2010 .
The identification of alleles with smaller effects by molecular markers should increase the efficiency of the process, improving the selection gains in a marker-assisted selection program where molecular information is used together with phenotypic data (Melo et al. 2002) . The phenotypic effect was estimated to determine the effect of indirect selection by means of a single marker for each detected QTL. The range of the phenotypic effects of the markers was 9.69 to 19.51% for oligomeric phenolics, -10.09 to 10.69% for total soluble solids, -17.95 to 16.71% for total acidity and 14.19 to 20.76 for vitamin C. These results reflect the importance of the QTL identified in the trait expression and strongly support the existence of true QTL.
QTL clusters of different traits were identified, consistent with results of the correlation analyses. For example, the high correlation coefficient (r > 0.71**) between vitamin C and oligomeric phenolics was confirmed by the fact that all QTL associated with oligomeric phenolics were located in the same QTL region as vitamin C in linkage groups F2, F4 and M14 (Figures 2 and 3) , and important regions in the expression of these traits. These coincidences of QTL for correlated traits confirm the nature of genetic associations. Based on these results it was inferred that these phenotypic characteristics are controlled by closely linked QTL or by the action of QTL with pleiotropic effects. However, the resolution of QTL mapping in this study did not allow a fine-scale dissection of QTL, so there may be more than one close QTL with pleiotropic effects. Similar QTL clusters associated with fruit quality were reported for other fruit species, such as tomato (Lecomte et al. 2004) , peach (Quilot et al. 2004 ) and apple (Kenis et al. 2008) . The greatest difficulty caused by this kind of interaction is to distinguish closely linked QTL, which affect various traits of a single QTL with pleiotropic effects.
The results obtained in this study provide support for indirect selection by molecular markers for traits of oligomeric phenols, soluble solids, total acidity, and vitamin C. These can be used, after validation, to identify promising genotypes in the seedling stage, which increases the efficiency of cashew breeding programs by reducing the number of undesirable plants transferred to the field. A reduction of the experimental area, increased genetic gain, and consequently, cost and time savings are therefore expected in the improvement process of this crop. The evaluation of the QTL candidates detected in this study is underway for future use in cashew apple breeding programs. The information obtained here can guide future studies aiming at elite genotypes with improved cashew apple quality. QTL detection for physicochemical characteristics of cashew apple 
